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ABSTRACT 
Na3Bi has attracted significant interest in both bulk form as a three-dimensional topological Dirac 
semimetal and in ultra-thin form as a wide-bandgap two-dimensional topological insulator. Its extreme air 
sensitivity has limited experimental efforts on thin- and ultra-thin films grown via molecular beam epitaxy 
to ultra-high vacuum environments. Here we demonstrate air-stable Na3Bi thin films passivated with 
magnesium difluoride (MgF2) or silicon (Si) capping layers. Electrical measurements show that deposition 
of MgF2 or Si has minimal impact on the transport properties of Na3Bi whilst in ultra-high vacuum. 
Importantly, the MgF2-passivated Na3Bi films are air-stable and remain metallic for over 100 hours after 
exposure to air, as compared to near instantaneous degradation when they are unpassivated. Air stability 
enables transfer of films to a conventional high-magnetic field cryostat, enabling quantum transport 
measurements which verify that the Dirac semimetal character of Na3Bi films is retained after air 
exposure. 
  
INTRODUCTION 
Na3Bi is a three-dimensional (3D) topological Dirac semimetal (TDS) in bulk form, with linear energy 
dispersion in 3D momentum space.1-2 These 3D Dirac fermions provide opportunities to study the chiral 
anomaly,3 Dirac-point physics due to ultra-low charge puddling,4 and ambipolar transport behaviour using 
electric-field effect devices.5 Perhaps the most promising attribute of Na3Bi is that when confined to 
atomic thinness, it becomes a large bandgap two-dimensional (2D) topological insulator, that undergoes 
an electric field induced quantum phase transition from topological to trivial insulator.6 This is particularly 
promising in the development of low-energy switches and the creation of a topological transistor.6-8 
 
Yet to date, the extreme air sensitivity of Na3Bi devices (lasting only seconds in atmosphere) has limited 
the study of Na3Bi thin and ultra-thin films to ultra-high vacuum (UHV) environments. In order to fully 
exploit the electronic properties of Na3Bi, like the fabrication of air-stable devices, the development of 
inert passivation layers for ambient conditions is crucial. 
 
In this study, we utilize magnesium difluoride (MgF2) and silicon (Si) as passivation layers in order to 
prevent the in-air degradation of epitaxial (MBE) Na3Bi thin films. We have previously demonstrated the 
chemical neutrality of Si when used as a substrate to grown Na3Bi.
6 The MgF2 was chosen for its 
demonstrated effectiveness as an optically transparent capping layer for the topological insulator Bi2Se3.
9-
10 We demonstrate that 20 nm Na3Bi films remain stable in air for around 2 hours with Si capping and 
over 100 hours with MgF2 capping, allowing electrical characterization of the films at large magnetic 
fields across a wide temperature range. Electrical measurements reveal that whilst the passivation layers 
keep Na3Bi metallic in air, a significant amount of disorder is induced that lowers the overall mobility. 
This is possibly due to non-uniform and imperfect encapsulation at the edges of the sample. However, 
quantum transport measurements show nearly perfect weak anti-localization, verifying that spin-
momentum locking, the hallmark of Dirac semimetals, is retained by Na3Bi films after air-exposure. These 
results thus represent an important first step in achieving air-stable Na3Bi Dirac semimetal devices. 
 
EXPERIMENTAL METHODS 
Na3Bi 20 nm films are grown via MBE on Al2O3[0001] substrates using a two-step growth method
11 
where the first 2 nm of Na3Bi was grown at 120 
◦C for nucleation, the substrate temperature was 
subsequently ramped up to 330 ◦C over the next 5 nm of growth, and the remaining 13 nm are grown at 
330 ◦C. An extra 10 min of Na-flux only annealing was applied at 330 ◦C before cooling down to optimize 
the crystal quality. For these experiments, the UHV device fabrication and capping scheme is shown in 
Figure 1a-d. Specifically, we used a shadow mask with Hall bar geometry attached to the substrate during 
the Na3Bi film growth. The shadow mask is removed in UHV after growth which allows the deposited Si 
or MgF2 capping layer to completely cover the entire Hall bar. For the transport measurements, for each 
temperature T and value of magnetic field B, a DC excitation is applied to pass through the main channel 
of the Hall bar, and the longitudinal and transverse voltages between the side arms of the Hall bar are 
recorded as Vxx and Vxy respectively. 
 
RESULTS & DISCUSSION 
We first study the transport properties of 20 nm Na3Bi thin films in UHV of as-grown and capped films. 
The samples were transferred in UHV to the attached analysis chamber which is equipped with a ±1 T 
superconducting magnet at 5 K. Figure 1e shows the Hall carrier density and mobility as grown and after 
capping at 5 K in UHV. The as grown 20 nm Na3Bi films are n-type with carrier densities and mobilities 
in the range of 1.9×1017 – 4.3×1018 cm-3 and 2000 - 6000 cm2/Vs respectively, similar to previously 
reported values.11 The two films capped with Si show a slightly reduced n-type density, whilst both small 
increases and decreases in density are observed with MgF2 capping. Both Si and MgF2 capping cause 
moderate reductions in mobility, with the mobility consistently ~2000 cm2/Vs for all samples after 
capping. These changes to doping and mobility upon capping suggest that MgF2 or Si do not chemically 
react with Na3Bi. This is consistent with the previous observation of inertness of the Na3Bi-Si interface 
using X-ray photoelectron spectroscopy (XPS).6 
 
Figure 2 shows the in-air stability test conducted by recording the sheet resistance, Rsheet, from when 
samples were removed from the UHV chamber into ambient conditions. The process of transferring 
sample from the UHV chamber into air takes several minutes, which includes N2 chamber venting and the 
in-air resistivity measurement set up. The sheet resistance of uncapped Na3Bi (red line in Figure 2) 
increases from 102 Ω to above GΩ during the time it takes to commence in-air resistance measurements, 
suggesting catastrophic degradation of Na3Bi upon air exposure. In Figure 2, we also show the resistance 
in UHV and after air exposure of two 20 nm Na3Bi films that have been passivated with Si (green line) 
and MgF2 (blue line). Both passivated films show an order of magnitude increase in Rsheet (from ~10
2 Ω 
to ~103 Ω) during the transfer from UHV to atmosphere. The increase in Rsheet could result from 
inhomogeneity of the capping layer with micro-cracks or pin holes, or an issue at the edge of the Hall bar, 
as Si and MgF2 are amorphous and do not uniformly deposit on the Na3Bi surface. The slower rise in sheet 
resistance in Figure 2 demonstrates that the MgF2 capping layer has a better performance compared to the 
Si capping layer. The Na3Bi thin film shows a stable and slow-degradation when it is capped with the 
MgF2, remaining metallic for over 100 hours. The Si-capped film exhibits faster initial degradation rate 
and shows a significant increase after just 2 hours of air exposure, becoming completely insulating after 
10 hours.  
 
Figure 3a shows the magnetoresistance curves after capping the Na3Bi thin films using MgF2 and 
transferring in-air from UHV chamber to a low temperature cryostat (Quantum Design PPMS). The film 
shows, in Figure 3a, a strong positive transverse magnetoresistance, 
∆𝑅
𝑅
(𝐵) = [𝑅(𝐵) − 𝑅(𝐵 = 0)]/
𝑅(𝐵 = 0). In order to understand the origin of the magnetoresistance, we fit our low-field quadratic 
magnetoresistance data to the semiclassical Drude formalism:11 
𝜌𝑥𝑥(𝐵) =  𝜌𝑥𝑥(𝐵 = 0)[1 + 𝐴(𝜇𝐵)
2]            (1) 
where A is a dimensionless coefficient. 
 
Figure 3b shows the temperature dependence of the coefficient A from fits of the data in Figure 3a to 
Eqn. 1. At high temperatures, A saturates to a temperature-independent value, suggesting that 
magnetoresistance in this temperature regime is a classical effect. Quadratic low-field magnetoresistance 
has been shown to be a generic aspect of classical transport in a disordered conductor.5, 12 However, theory 
predicts that 0 < A ≤ 1/2, and experimentally A ≲ 1,5, 11-12 while we observe that A saturates to a value 
around 850 above 50 K, which is superficially at odds with classical magnetoresistance in a disordered 
system. The mobility aslo appears unphysically low; it corresponds to a mean free path of 0.8 Å, smaller 
than the lattice constant, violating the Ioffe-Regel limit. 
 
However, disorder has unusual implications in Dirac electronic systems. At low carrier density the 
disorder potential can create both electron-like and hole-like local regions or puddles, with no energy gap 
of transport between the electron and hole puddles.13-14 Charge pudding has been observed in graphene,14 
where it is strongly dependent on the underlaying substrate, with large fluctuations in Fermi energy ΔEF 
~ 100 meV on SiO2 
15 and much lower ΔEF = 3 – 5 meV on h-BN 16. Pudding has also been observed in 
the 2D surface state of 3D topological insulators,17 and in 3D topological Dirac semimetals, such as Na3Bi 
thin films on sapphire in UHV 4 where ΔEF ~ 3 – 5 meV comparable to graphene on h-BN. However, ΔEF 
for Na3Bi films is increased when grown on more disordered substrates such as SiO2.
5 
 
Similarly, electron-hole puddling has specific consequences for electronic transport in a Dirac system. 
In particular, the Hall coefficient RH as a function of average carrier density n is no longer single valued; 
it tends to zero as RH ~ 1/n at very large carrier density, and at very small carrier density RH ~ n where the 
electron and hole contributions nearly cancel, with a maximum at n ≈ n*, the characteristic carrier density 
in the puddles. The conductivity is also altered significantly, saturating to a minimum conductivity σmin = 
n*eμ for |n| < n*.13 In the puddle regime the Hall effect overestimates the carrier density, and thus the Hall 
mobility underestimates the true mobility. This suggests that our unphysically large A in Eqn. 1 results 
from an underestimation of the mobility μ. If we assume instead that our sample is in the puddle regime 
where A ~ 0.5 and σ = σmin = n*eμcorr, then we find a corrected mobility μcorr = 80.2 cm2/Vs, and n* = 
1.1×1019 cm-3. The puddle carrier density n* is about 50 times higher for air-exposed Na3Bi than observed 
in Na3Bi on SiO2 in vacuum,
5 implying a 50-fold increase in impurity density, as n* is proportional to 
impurity density for a Dirac system. This is consistent with our observation of mobility about 40 times 
lower for air-exposed Na3Bi compared to Na3Bi on SiO2. The inset to Figure 3b summarizes the effect of 
pudding. The measured carrier density from the Hall effect is 4-5×1020 cm-3 (blue filled square) 
corresponds to a mobility of ~2 cm2/Vs after in-air transfer. Assuming that the sample is in the electron-
hole puddle regime, the corrected values are μcorr = 80.2 cm2/Vs, and n* = 1.1×1019 cm-3, indicated by the 
open blue square. 
 
At temperatures below 50 K the magnetoresistance is larger and becomes cusp-like, suggesting quantum 
corrections to the conductivity. Figure 4a shows the magnetoconductance, ∆𝜎𝑥𝑥 = [𝜎𝑥𝑥(𝐵) −
 𝜎𝑥𝑥(𝐵 = 0)]/(𝑒
2 ℎ⁄ ), at various temperature 2 – 20 K, in units of e2/h, where e is the elementary charge 
and h is the Planck's constant. The classical component of the magnetoresistance (Eqn. 1) has been 
subtracted from the data before inverting the resistivity tensor, though the correction is small for T ≤ 20 K 
(WAL dominates the magnetoconductance) and makes a negligible difference in the fit parameters in the 
analysis below. We fit the data to the reduced Hikami-Larkin-Nagaoka formula (H.L.N.)18 in the limit of 
perfect spin-orbit coupling in the low field region: 
∆𝜎𝑥𝑥
𝑒2/ℎ
=  −
𝛼
2𝜋
[ln (
𝐵ϕ
𝐵
) − Ψ (
1
2
+
𝐵ϕ
𝐵
)]            (2) 
where α is a pre-factor signifying the type of localization as 1/2 for WAL and -1 for WL, the fitting 
parameter Bϕ is the phase coherence field which relates to the phase coherence length 𝐿𝜙 = √
ℎ
8𝜋𝑒𝐵𝜙
. The 
fits are shown as black solid lines in Figure 4a, where α and Bϕ are fit parameters. Equation 2 provides an 
excellent fit to the data at all temperatures, indicating that air-exposed Na3Bi still retains near-perfect spin-
momentum locking as expected for a Dirac semimetal, even though disorder is increased. Values of α 
range from 0.37 – 0.5 as a function of T as shown in Figure 4b, close to the theoretical value of 1/2. The 
discrepancy could result from microscopic (electron-hole pudding) or macroscopic (induced by air 
exposure) inhomogeneity in the sample.  
 
Figure 4c shows the temperature dependence of the coherence length Lϕ. For T < 8 K, Lϕ exceeds the 
film thickness (20 nm), and we expect that the system is 2D, where the HLN formula is applicable. We 
expect electron-electron scattering to give a coherence length which has a power-law dependence on 
temperature Lϕ~T
-β where β = 1/2 for 2D and β = 3/4 for 3D systems.19 The black solid line is a power-law 
fit to the data. The average, exponent β = 0.86, is larger than the expected 2D value, and there is some 
variation in the power-law slope with temperature. However, the data are close to the 2D-3D crossover, 
and the HLN formula is not strictly applicable in 3D (T > 8 K), hence we do not expect perfect agreement. 
Lϕ reaches 71 nm at 2 K, which is much smaller than as grown films in UHV, where Lϕ are around 300 – 
400 nm,11 consistent with increased disorder. 
  
CONCLUSIONS 
In conclusion, we have shown that the Si and MgF2 materials can be used as surface capping layers to 
protect Na3Bi thin films from catastrophic degradation in ambient conditions. Our experiments have 
demonstrated that the electronic properties of Na3Bi thin films are preserved when it is capped by using 
Si and MgF2 in UHV and that their resistivity can be kept within metallic region for over 100 hours in 
ambient. Hence, this capping method makes air-stable Na3Bi thin film devices possible. Moreover, the 
analysis of our magnetotransport data of the MgF2-capped Na3Bi film after in-air exposure shows that the 
size of the charge puddle region is increased. This suggests that more optimization in the deposition of the 
capping layer is required. We note that MgF2 is optically transparent and has a high dielectric constant, ε 
= 5.289,20 suggesting future work to achieve both optical measurements and the fabrication of field effect 
devices utilizing MgF2 as the dielectric media is possible. 
  
FIGURES 
 
Figure 1. Device fabrication and in-situ Hall effect measurement. Panels (a-d) shows schematically the 
steps of UHV device fabrication. (a) Al2O3 substrate with pre-deposited Au contacts. (b) Na3Bi growth 
through a shadow mask. (c) Removal of shadow mask after Na3Bi growth. (d) MgF2 or Si capping layer 
deposition without shadow mask. (e) Hall carrier density (n) and mobility (µ) of 20 nm thick as-grown 
(solid circle) Na3Bi films and Si-capped (hollow triangle) or MgF2-capped (hollow square) Na3Bi films at 
5 K. 
 
 
 
 Figure 2. Resistivity of uncapped Na3Bi (solid red line), Si- (solid green line) and MgF2- capped (solid 
blue line) films as a function of time exposed to ambient atmosphere. Dashed lines are guides to the eye 
indicating the change in resistance during the transfer from UHV to air during which resistance was not 
measured. The black dashed line indicates an out-of-range condition for the source meter (Rsheet > 8×10
6 
Ω/□) in the experimental setup which are further confirmed to be above 1010 Ω. 
 
 
 
 
  
  
 
Figure 3. Temperature-dependent magnetotransport characterization of a MgF2 capped Na3Bi film after 
in-air transfer. (a) Magnetoresistance as a function of magnetic field at temperatures from 2 K to 75 K as 
indicated in legend. (b) The temperature dependence of the fitting parameter A from Eqn. 1 in main text. 
The value of A saturates around 850 for T > 50 K. The insert shows the average mobility and carrier 
density between 50 K and 80 K from the Hall effect measurement (blue solid square), and subsequently 
corrected for electron-hole puddling effects (blue hollow square; see main text). 
 
 
  
  
 
Figure 4. Magnetoconductance of a MgF2 capped Na3Bi film as a function of temperature after in-air 
transfer. (a) Magnetoconductance as a function of magnetic field at temperatures between 2 K and 20 K 
(colored circles corresponding to temperature labelled on right). Black solid lines are fits to Eqn. 2 in the 
main text. (b-c) Temperature dependence of the fit parameters from Eqn. 2 of main text. The pre-factor α 
is shown in (b) and the phase coherence length Lϕ in (c). The dashed line in (b) where α = 1/2 corresponds 
to the theoretical expectation and the black solid line in (c) indicates a power-law dependence with 
exponent 0.86±0.02. 
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